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ABSTRACT 
Obscurants have been used for centuries to conceal and protect military assets 
from direct enemy attack, or as a signal between units. Obscurants still play a significant 
role in protecting soldiers on the battlefield. This research was geared towards 
development ofhighly efficient man portable obscurant generation system to demonstrate 
its use with biogenic oils as the obscurants. 
The research reported in the thesis was directed evaluating the performance of a 
mini-jet based generator in the laboratory and field with two different obscurant oils, Fog 
Oil (FO) the oil used by the US Army at present and potential replacement oil - Methyl 
Soyate (MS). MS is a mixture of fatty acid methyl ester obtained through 
transesterification of soybean oil. Instrumental set-ups were assembled to facilitate the 
characterization obscurant aerosols obtained from the mini-jet in terms of size 
distribution, number density and their light scattering efficiencies in the visible (Vis) and 
the near infrared (NIR) regions. A limited set of experiments were carried out in field to 
assess the performance of the mini-jet based generator relative to theM-56, the obscurant 
generator used by the US Army at present. In addition, chemical characterization of the 
input oils and aerosol condensate was carried out to monitor any chemical transformation 
of the oils during the aerosolization in the min-jet based generator. 
The results of aerosol characterization experiments showed that the mini-jet based 
obscurant generator produces aerosol over the 100 - 2,000 nm range with both oils. The 
size distribution appears to be normal, with highest particle density around 500 nm. 
Aerosols from both oils were very effective in attenuating the intensity of visible 
radiation. Transmittance of 532nm laser through the aerosol plume was less than 1%. 
Transmittance of NIR radiation was curtailed by the aerosol plume but with lower 
efficiency. 
Chemical analysis of the input oils and aerosol condensates showed that oils do 
not under go any measurable transformation. Chemical composition of the input oils and 
the aerosol condensate was found be the same. No carcinogenic or potentially 
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1. INTRODUCTION AND REVIEW OF LITERATURE 
1.1 DESCRIPTION OF OBSCURANTS 
Obscurants are man-made or naturally occurring particles suspended in the air 
that block or attenuate the transmission of specific frequencies or a range of frequencies 
in the electromagnetic spectrum especially from the visible to the millimeter waves (2). 
Smoke for battlefield application is mostly produced by vaporization of a semi-volatile 
oil or production of particulates through chemical reactions. Currently US Army relies 
most commonly on volatilization and subsequent condensation of Fog Oil (FO) (a 
petroleum based middle distillate) with the M56 "Coyote" smoke generator to obtain 
obscurant smoke. It is a motorized system mounted on an M1113 Expanded Capacity 
High Mobility Multipurpose Wheeled Vehicle (HMMWV or Hum vee) with a turbo-jet 
engine mounted in the bed that vaporizes the fog oil with its high temperature exhaust. 
Liquid (FO) has been utilized for more than 50 years as the primary battlefield 
obscurant. FO is a highly complex mixture of hydrocarbons obtained through distillation 
of petroleum, it has in the past been shown to contain polyaromatic hydrocarbons (PAHs) 
and alkylated aromatic hydrocarbons. P AHs are considered carcinogenic or potentially 
carcinogenic to test animals and humans; therefore, presence of these chemicals in oils 
used during "smoke" training exercises may represent a potential risk to the Soldiers and 
may harm the environment. 
Other forms of obscuration systems rely on chemical reactions to produce 
particulates that attenuate radiation, most commonly used among these· are the smoke 
grenades. "Smoke" emitted by grenades is comprised of highly hygroscopic zinc 
chloride (ZnCh) particles resulting from chemical interaction between zinc oxide (ZnO) 
2 
and hexachloroethane (C2Cl6) initiated with fine aluminum. This obscurant material is 
known as the Hexachloroethane or the HC smoke. Smoke grenades are carried by 
individual soldiers and can produce obscurant smoke that lasts for 50 to 90 seconds. 
These devices are used under scenarios in which a very short duration obscuration is 
required such as in an urban environment, or identifying friendly locations. Due to 
limited duration and small volume this form of smoke is ineffective in providing 
obscuration during troop movements. Larger containers filled with HC material -
designated as the Smoke pot, were useful but only provided smoke for only a short period 
lasting between 15 and 20 minutes. HC smoke pots emit significant quantities of 
hydrochloric acid (HCl) and thus pose a serious health concern during training exercises, 
as a result their use has largely been discontinued. 
Another type of obscurant is produced through chemical reaction of the white 
phosphorus with oxygen resulting in the formation of phosphorus pentoxide, a highly 
deliquescent substance that forms a dense white cloud under ambient conditions. This 
obscurant is deployed as an artillery round. The white phosphorus rounds generate a 
greater volume of obscurant plume than the smoke grenades but still last for only short 
duration typically two to three minutes, more over due to toxicity these can not be 
employed in an urban environment. 
Obscurants are categorized by the military as visual, bispectral, and multispectral, 
the latter covers from the visible range through the millimeter wave range (2). Visual 
obscurants block or attenuate transmittance of electromagnetic radiation from the visible 
to near IR-range. Obscuration in this region can come from many sources from local 
fires, to weather condition such as heavy precipitation or fog. Man-made obscuration 
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generation focuses on white smokes due to their ability to absorb and scatter the greatest 
amount of radiation with the least amount of aerosols. Bispectral obscurants defeat the 
visible through far IR. These obscurants are of great interest due to the military 
application of optics that utilize thermal or IR sensitive devices for observation and target 
acquisition. Multispectral obscurants defeat the visible through the millimeter wave 
range. These obscurants have special use in blocking microwave radiation tracking 
devices used for target acquisition. 
1.2 HISTORY OF BATTLEFIELD OBSCURANTS 
Smoke was used to gain the tactical advantage in battle as a signal as early as 214 
BC. Emperor Shih Haung-Ti of China used smoke signals as part of his defense system 
against Nomadic tribes during construction of the Great Wall of China. Native 
Americans were known to use smoke signals as a method of communication. The use of 
smoke as a screening agent began in the Civil War when the Navy used the black smoke 
from the steam power ships to screen the harbors. During the Civil War the use of smoke 
was not looked upon as a great need due to the black/grey haze that would cover the 
battle field due to use ofblack gunpowder (2). 
The need for specialized smoke generation became more important with the 
invention of smokeless gunpowder. Several materials and modes of deployment were 
developed during World War I. It was realized that when properly deployed smoke gave 
commanders an edge over the adversaries. The U.S. Armed forces of the era introduced 
white smoke generated from phosphorus, the French produced white smoke through 
reactions involving carbon tetrachloride, zinc, and zinc oxide (3). The latter was refined 
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during World War II and termed HC Smoke. HC smoke was widely used during WWII 
(3). The HC smoke was released through smoke pots or smoke grenades. The smoke 
pots were easy to carry and deploy. These devices were used for providing initial smoke 
screens while larger smoke generators could be setup after landing in enemy territory. 
More sustained smokes were obtained from mechanical smoke generators which used 
petroleum oils. 
1.3 APPLICATIONS OF SMOKE 
1.3.1. Obscuring smoke. Smoke that is delivered directly on or immediately in 
front of enemy positions to blind or degrade their vision both within and beyond their 
location (2). 
1.3.2. Screening smoke. Screening smoke is smoke delivered in areas between 
friendly and enemy forces or in friendly operational areas to degrade enemy ground or 
aerial observation or both (2). 
1.3.3. Protecting smoke. Protecting smoke is smoke used to defeat enemy 
guidance systems or at attenuate energy weapons on the battlefield (2). 
1.3.4. Marking smoke. Marking smoke includes smoke used to mark targets, 
identify friendly positions, and provide for prearranged battlefield communications. (2) 
1.4 TYPES OF SMOKE 
Obscurants developed over the years have been divided by their materials into 
three categories; 
1. Liquids (low vapor pressure oils) 
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2. Finely divided solid particles 
3. Particles produced through chemical reactions 
1.4.1 Liquid aerosols as smoke screens. Liquid aerosol "smoke" is formed 
through the volatilization and subsequent condensation to form small droplets which are 
effective in scattering visible light. Volatilization is accomplished by injecting liquids 
(oils) into the heated exhaust manifold of a smoke generator, vapors are then forced by 
exhaust gas into the atmosphere; where they condense and forms micron - submicron 
size droplets. Such droplets have low settling rate and are effective in scattering radiation 
in the visible region. The evaluation of a new compact generator and plum obtained from 
two oils forms the major portion of the research described in this thesis. The compact 
generator system was developed utilizing a 10 kg thrust jet engine. 
At present U.S. Army uses three liquids for generating smoke; FO, Diesel Fuel -
2(DF-2) and Jet Petrol- 8 (JP-8). FO is the most effective of the three fuels used to in 
producing visible obscuration. However, FO can not be used as fuel in internal 
combustion engines, therefore it must be carried solely for smoke production. DF -2, and 
JP-8 are primarily used as a fuel for various military equipment, these materials do not 
yield effective smoke except under very cold (-10 °C) conditions. At higher ambient 
temperatures aerosols of these materials provides very limited obscuration and quickly 
disappear due to high vapor pressures. MS is examined as a potential replacement due to 
its ability to produce effective obscuration and serve as a fuel for internal combustion 
engines, providing the military a one fuel system. 
Experiments described in this thesis focused on FO and MS. FO is the most 
widely used material in the military to generate obscuration in the visible range. As 
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mentioned earlier, it is a middle petroleum distillate with an extremely complex 
composition and a wide boiling range. FO smokes are obtained by injecting oil into the 
heated ( ~565 °C) manifold of M56 smoke generators, where it is rapidly vaporized. The 
vapors are released from the manifold and condense into droplets to form an opaque, 
white aerosol cloud. To meet military low viscosity specifications, FO has historically 
been produced from naphthenic oils. Naphthenic oils have a wide variety of applications 
from rubber processing, insecticide carrier, to transformer oils. Naphthenic oils are 
known to exhibit heath dangers due the presence of aromatic rings. The pertinent 
physical properties of FO [military specification MIL-F12070E], DF-2 and JP-8 oil are 
given in-Table 1.1 (4). 
Table 1.1. 
Pertinent Physical Properties of FO, DF-2 and JP-8 
Property Values 
FO DF-2 JP-8 
Flash Point 160 oc 75.5 oc 47.5 oc 
Kinematic Viscosity @ 4.17-3.4 2.90 1.30 
40°C 
Boiling range 274-432 205-357 159-260 
Carbon Residue 0.1% 1.5% 1.0% 
Neutralization Number 0.1 0.07 
Pour Point -4°C -18 oc -69 oc 
Density at 15 oc 0.929 0.849 0.806 
Human heath and environmental concerns related with the use of FO during 
smoke training exercises have been raised (8). These concerns primarily stem from the 
presence of polyaromatic hydrocarbons (PAHs). Therefore, in addition to defining the 
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physical properties, the current specifications [Specification E] also require FO to be free 
of P AHs (3). This requirement is met through hydrotreating of the petroleum middle 
distillates. Hydrotreating is a common process used at refineries for removmg 
containments from oils such as sulfur, nitrogen and condensed aromatic rings, by 
removing the unstaurations in the rings causing ring opening. Past chemical analysis of 
different batches ofFO conducted at Center for Environmental Science and Technology-
Missouri S&T, Rolla, MO indicated that even hydro treated oils contain P AHs ranging 
from hundreds of PPM to the percent level (3 7). 
1.4.2. Solid particles as smoke screens. Finely divided solid materials when 
dispersed in the atmosphere can attenuate the radiation in the visible, infrared and the 
microwave regions. Such materials are used primarily to curtail the effectiveness of 
infrared and microwave sensors used in radar and missile guidance systems. Three types 
of solid material are used currently by the U.S. Army; Brass flakes, Titanium dioxide 
particles and the Graphite particles 
Brass flakes are used to attenuate mid-IR to microwave radiation transmission 
thus defeating thermal and radar imagery/sighting systems. Smoke grenades are equipped 
with brass flakes consisting of 70% copper and 30% zinc reservoirs. Flakes are released 
into the atmosphere with the exhaust plume of the M56 generator. However, it has been 
found that inhalation exposure to high concentrations of brass flakes is lethal to 
experimental animals including rats and mice. In addition, it has been reported that 
occupational exposure to substantial amounts of brass dust leads chronic bronchitis and 
other severe respiratory problems in humans (6). Thus brass flakes while effective under 
battlefield scenarios can only be used under limited conditions during training exercises. 
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Titanium dioxide (Ti02) is used as a noncombustible, white crystalline solid 
which has been shown to attenuate radiation in the visible region under controlled 
experimental conditions. However, the use of Ti02 particles is still under development as 
obscurant materials in the XM82 hand grenades. No acute human toxicity data is 
available for Ti02 particle inhalation (6). However, it has been reported that inhalation of 
ultra fine particles ofTi02 leads to a greater inflammatory response in rats (6). 
Graphite smoke is obtained by introducing synthetic graphite flakes in the exhaust 
plume of M56 generators or over devices. Graphite is an allotropic form of carbon, it 
occurs in nature and can also be produced synthetically .. Graphite "smoke" is used by 
U.S. Army as a wide spectrum obscurant; it is capable of attenuating radiation in the IR 
region. When used in combination with FO graphite flakes can create a large scale 
obscuration in the visible through IR regions on the battlefield. Due to the inhalation 
hazard posed by graphite flakes Soldiers are required to use the M40 protective masks. 
1.4.3 Chemical reaction smoke. The most commonly used smoke of this type is 
the Hexachloroethane (HC) smoke. The main component of HC smoke is zinc chloride, 
which is formed through a reaction between hexachoroethane and zinc oxide in the 
presence of small quantities of alumina as an initiator. Zinc Chloride leaves the reaction 
as a hot vapor which cools in the atmosphere forming aerosols due to the rapid absorption 
of water in the atmosphere. The hydrated zinc chloride particles then scatter the visible 
region. 
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1.5 LIQUID AEROSOLS 
Aerosols are gaseous suspensiOns of fine liquid droplets or solid particles 
generally in the 0.001 to 100 J..lm range (9). Liquid aerosols are two-phase systems, 
consisting of liquid droplets and the gas in which they are suspended. Particle size 
distribution is an important property of aerosols. Stability of these droplets in air strongly 
depends upon the physical properties of the liquids. Less volatile liquids form larger 
droplets while more volatile liquids form smaller droplets due to their increased vapor 
pressure. The rate at which the droplets fall from the atmosphere is known as the settling 
velocity. Larger droplets have higher settling velocity than the smaller ones. It has been 
estimated that 1J..lm particles take approximately one day to fall 20m (10). 
1.5.1 Particle size measurements. Particle size is an important parameter for 
characterizing aerosols. Both light scattering ability and aerodynamic stability of 
particles in the atmosphere is dependant on their size. Two particle size/counters were 
used for determination of aerosols produced; both systems were optical particle counters 
(OPCs). 
Optical particle counters are based on the light scattering principle (17). An 
optical particle counter uses a laser beam; the beam passes through a tube filled with 
obscurant smoke. One or more photo detectors are positioned around the tube. Aerosol 
sample is drawn into the particle counter with a vacuum pump. Particles in the path of 
the laser beam scatter light, the scattered light is monitored with the photo-detectors. 
Optical particle counters are used extensively for characterization of exhaust 
plumes from diesel engines. Krahl et al., ( 18) conducted experiments to compare the 
particle size distribution of exhaust from engines running on rapeseed oil methyl ester 
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(RME) and diesel fuel (DF -2) with and without catalytic converter. The particle size 
distributions of DF-2 with and without catalytic converter and RME with and without 
catalytic converter were similar. 
Size distribution of aerosols in air is affected by atmospheric conditions. In the 
case of liquid aerosols at higher temperatures liquids evaporate due to increased vapor 
pressure resulting in the shift of particle size towards smaller particles. Tsang et al., (21) 
used computer simulations to study the effect of ambient temperature on particle size of 
FO and DF -2 smoke. Their findings were along the expected line and showed that 
atmospheric conditions have profound effects on the particle size dispersed in the 
atmosphere. An increase in ambient temperature resulted in a decrease in number density 
and shift in particle size towards smaller particles, making the obscurant screens less 
effective. 
1.5.2 Light attenuation and extinctions coefficient measurements. Light 
passing through aerosol laden air is attenuated by multiple scattering and absorption 
interactions. In the case of homogeneous solutions with an absorbing moiety the 
attenuation (extinction) of radiation of a given wavelength occurs primarily through 
absorption. In the case of heterogeneous systems such as oil droplets suspended in air 
extinction occurs primarily due to scattering. 
Scattering of light is important in our view of the objects around us, it along with 
absorption contributes to the appearance of most objects. Scattering involves different 
phenomena that have been named after noted individuals. Generally scattering of 
electromagnetic radiation is classified into two types, elastic scattering (ELS) in which no 
or minimal energy is transferred and the frequency of the radiation is unaltered. Inelastic 
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scattering (IELS) in which a portion of the energy is transferred to the object in the path 
of the radiation and results in a change in frequency of a radiation (38). Two types of 
ELS are the Rayleigh scattering and the Mie scattering. 
Rayleigh scattering is the scattering of light by particles much smaller ( d< 0.05 
J.!m) than the wavelength of visible light (24 ). The intensity of scattered light varies 
inversely with the fourth power of the wavelength. The scattered intensity is given by the 
following equation. 
Where 
I (8) = total intensity at a distance R from the particle, of the light scattered in the 
direction D 
~= the wavelength of light 
d = the diameter of the particle 
m =the refractive index of the material that comprises the particle 
For this reason blue light is scattered by the air molecules roughly 16 times more strongly 
than red light, so the predominant color of the sky is blue (25). 
The scattering phenomenon of particular interest for obscuration in the visible and 
IR regions is the Mie scattering. In this type of scattering the particle size and light 
wavelength are of same order of magnitude. Particles between O.I - 2J.tm size range are 
known to be the best scatters of visible light. 0.5J.!m is considered the most desirable 
particle size for more severe visible attenuation (26). The process of attenuation of light 
is known as extinction, a materials extinction coefficient is a function of the particle size, 
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refractive index, and wavelength of the incident light. The ability of a medium to 
attenuate light is expressed in terms of extinction coefficient. 
It can be determined with the Beer-Lambert's law. 
Where 
E =Extinction Coefficient (m2/g) 
VI0 = Transmittance 
C = Concentration of Aerosols (glm3) 
L = Path Length (m) 
Beer-Lambert's law is applicable to only dilute systems such as the atmosphere. 
Investigations have shown that the use of Beer-Lambert's law at high concentrations can 
lead to erroneous results (29, 30). Churchill conducted some of the first test to determine 
if Beer's law was applicable in high concentration systems. A spherical latex particle 
suspension was investigated and deviation from Beer's law was observed at the high 
concentration systems (31). Studies by Perry et al., on obscurant properties of different 
materials involved particle size distributions and extinction coefficients. Extinction 
coefficient of3.9-5.5 m 2/g for FO was determined (30). 
1.6 LIMITATIONS OF THE CURRENT OBSCURANT GENERA TOR (M56) 
AND OBSCURANT MATERIALS- NEEDS OF CURRENT AND FUTURE 
COMBAT. 
Need for effective obscurants can hardly be over stated - in tactical engagements 
the often stated mantra is "what can not be seen can not be killed". The current obscurant 
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generator in service with the US Army is the M56, the M56 is mounted on a HMMWV; 
the combined system goes with the acronym Coyote. The integrated unit is large, 
requires a two man crew with sole the function of providing obscurant screens. The 
system is a brigade level asset and is thus not readily available to units at the company 
level. The system has found at best a very limited use in the current asymmetric warfare. 
A compact more readily deployable easy to operate system that can be made available in 
each vehicle at platoon or company level is envisioned for the ever evolving asymmetric 
battlefield. It is also designed to be dismounted and used in remotely operated man 
portable configuration. 
Furthermore, it is imperative that for successful tactical use the obscurant system 
should not impose additional logistical demands, i.e., ideally it should generate effective 
obscuration with the same fluid that powers the generator and the vehicle that it is carried 
on or made an integral part of. The current obscurant material FO due to its high 
viscosity can not be used as fuel in military vehicles. On the other hand common fuels 
DF-2 and JP-8 are too volatile and do not produce and effective obscurant smoke. 
The research activities performed as part of the obscurant research being carried 
out at the CEST - Missouri S&T are in part directed at addressing these two issues. They 
form essentially the content of this thesis. 
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2. STATEMENT OF OBJECTIVES 
The overall focus of this research was to evaluate the applicability of MS as a 
superior substitute for FO. MS is a home grown renewable resource that does not posses 
P AHs and thus would be more environmentally friendly obscurant material. With this 
basic premise research was directed at the use of MS with a compact man-portable 
generator to produce effect obscurant screen in the visible and the near infra-red (NIR). 
Research was focused on the following four arenas. 
1. Development of a compact, man-portable smoke generation system capable of 
producing visible and hi-spectral obscurant screens. 
2. Evaluation of MS and FO as obscurant materials with the compact generator. 
3. Evaluation of polystyrene- MS mixtures as obscurant materials. 
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3. EXPERIMENTAL 
A systematic approach was adopted to meet the stated objectives. Experiments 
were carried out with three different versions of mini-jet based compact generators. The 
generators were operated under different aerosol generation and deployment regimes. 
Experiments were carried out in the laboratory as well as in the field. 
A majority of the experiments were carried out in an indoor test facility developed 
specifically for evaluating the performance of the mini-jet smoke generator under 
controlled conditions. The test facility was designed to permit particle size 
characterization, particle number density measurements, light transmittance 
measurements, collection of aerosols, vapors and condensate collection for chemical 
characterization. A limited number of experiments were also carried out in the field. 
These experiments involved an assessment of particle size distribution, number density of 
and light transmittance. Details of laboratory and field experiments are given in the 
following section. 
3.1 LABORATORY EXPERIMENTAL SET-UP AND PROCEDURES 
Laboratory experimental set-up consists of a mini-jet smoke generator, vapor 
condensate collection plate, laser light attenuation, thermal couples, and aerosol size and 
density measurement. Details of the set-up are given below. 
3.1.1. Aerosol/Smoke Generator. Oil aerosols were produced with mini-jet 
engines mounted on a stand or placed inside an aluminum box. Three different mini-jet 
engines were evaluated: 
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i. An 1llb thrust compact min-jet engine; model SWB-11 Momba Turbojet, SWB 
Turbines, 2485 Schultz Rd. Neenah, WI 54956 
ii. A 25 lb thrust compact min-jet engine is a model SWB-25 Micro Gas Turbine. 
iii. A 21lb thrust compact min-jet engine model P-80- JetCat USA, 4250 Aerotech 
Center Way, Building G, Paso Robles, CA 93446. 
All three engines are manufactured for RIC model aircraft and required a number 
of modifications to make them suitable for smoke generation. Initial trials showed that 
the model P-80 mini-jet engine was more reliable than the other two engines. As a result 
this was the only engine used during the course of the thesis research. The two versions 
of the min-jet generators are shown in Figure 3.1 and 3.2. 
Figure 3.1: Photograph of the model 80 J etC at engine based obscurant generator mounted 
on a stand for evaluations in the laboratory and the field. 
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Figure 3.2: Photograph of the model80 JetCat engine based generator in a self contained 
man-portable aluminum housing. 
Specification the model 80 JetCat engine are given in Table - 3.1. 
Table 3.1 
Specification for the model 80 JetCat Mini-jet Engine 
Thrust 21lb 
Length 12.00 in 
Diameter 4.5 in 
Weight 2.9lb 
Fuel Jet-A (kerosene based) 
Fuel Consumption at maximum 0.4698 lb/min (9oz) 
RPM range 35K-123K 
Exhaust Temperature 600-650°C 
Mass Flow 0.529 lb/sec 
Exhaust Thrust Speed 1200km/h, 745mph 
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Oils were sprayed into the exhaust plume of the engine running at the maximum 
RPM. Oil flow into the exhaust plume of the generator configured on the stand was 
controlled by a variable DC power source. The oil was pumped with a lOOpsi 
submersible automotive fuel pump (Carter model P74167, Federal-Mogul Corporation, 
Southfield, MI 48034). The pump was capable of delivering FO and MS at flow rates 
between 375 - 2215 mL-1 min. Flow rate was varied by varying voltage applied to the 
pump from 4 - 12 volts, with a variable DC power supply, model 1 064S, manufactured 
by EICO, which is no longer in business. The automotive fuel pump was not capable of 
delivering more 2.2 L-1 min. Oils were introduced through a nozzle lcm behind the 
exhaust port of the mini-jet. The nozzle was developed specifically to optimize the oil 
spray into the hot exhaust stream of the engine. Several different nozzles configurations 
were tested before arriving at the 12-notch design used in the study. The nozzle 
comprised of a 6 mm o.d. stainless steel tube with a 12 em loop with a closed end, the 12 
notches were cut at 45° angles to direct oil spray into the hot exhaust gas stream. 
3.1.2 Indoor obscurant test facility. An indoor test facility was built to allow 
testing of mini-jet based obscurant generators and comparison of different oils under 
controlled conditions. The test facility comprised of 3m x 75 em aluminum duct. The 
duct was instrumented to permit measurement on light transmittance, collection of vapor 
condensate, monitor of obscurant plume temperature at various distances from the min-jet 
exhaust, measurement of particle size distribution and number density. The light 
transmittance was measured at two discrete wavelengths with diode lasers. Layout of the 
obscurant test "tunnel" is shown graphically in Figures 3.3 and 3.4. 
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The temperature, particle size and transmittance measurements were carried out at 
fixed points. The placement of the impactor plate was varied during different sets of 
experiments. The duration of laboratory experiments was limited to short durations of 20 
seconds due to minimize the impact of obscurant smoke on the traffic on US Highway 63 
in proximity of the laboratory. 
Figure 3.3: A photograph of the obscurant test tunnel showing the location of 
thermocouples. 
Figure 3.4: A photograph of the obscurant test tunnel showing the location of port used 
particle size measurements. 
20 
3.1.3 Vapor condensate collection. Chemical composition ofFO and MS after 
volatilization was determined through vapor deposits collected on the aluminum impactor 
plate. The impactor plate consisted of a 260cm x 260cm x 0.3cm aluminum plate. The 
plate was placed in the obscurant plume stream at a 45° angle, Figure 3.5. The plate was 
placed in line with the second thermal couple. The plume temperature was monitored 
continuously during obscurant plume generation. 
Figure 3.5: A photograph of the obscurant test tunnel showing the interior with the 
impactor plate. 
Condensate collection procedure 
1. Prior to its use the plate prior was washed with dish detergent, rinsed with DI 
water, rinsed twice with laboratory grade acetone and allowed to air dry. 
n. Plate was then placed the test tunnel in line with second thermal couple 
approximately 1.3m from the engine exhaust. 
iii. The mini-jet engine brought to full speed (123,000rpm) and the obscurant oil 
pump was turned on. Oil was rapidly vaporized with engine exhaust temperature 
between 600-650°C. 
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IV. Oil flow was stopped after 20seconds. 
v. Mini-jet engine was then turned off. 
v1. Plate was retrieved from the test tunnel, the oil condensate was washed from the 
plate with reagent (2x10mL) grade hexane into a 50ml round bottom flask. 
vii. Hexane was removed under vacuum, mass of condensate was then determined 
gravimetrically. 
3.1.4 Light transmittance set-up. Obscurant particles were evaluated in our lab by 
means of optical particle counters and light transmittance at various wavelengths. The 
diode lasers (Models; BWT-20-E, and BWR-50E, B&W Tek, 19 Shea Way Suite 301, 
Newark, DE 19713) with output at 532nm green (output power ~30mW) and 1064nm 
near infrared with output power ~50m W were used during light transmittance 
experiments. Lasers were mounted side-by-side, a beam chopper was installed in the 
middle to permit simultaneous modulation of both laser beams. Two lasers and the 
chopper were enclosed in a metal box with openings for laser beams to pass through. 
The modulation frequency was controlled with a control module, and is normally kept 
around 60 Hz. The modulation frequency was also fed into a pair of dual channel lock 
amplifiers connected to two photodiode detectors, one for the visible and the other for the 
near infrared lasers. The photodiode detectors were placed on the other side of the test 
tunnel ~ 2m from the laser sources. The signals from the amplifiers were then fed into a 
DAQ board (National Instruments BNC-2110, 11500 N. Mopac Expwy 
Austin, TX 78759-3504) the digital signal was processed with a PC using the Lab View 
software package. The percent transmittance measurements of laser beams in the 
presence of obscurant aerosols were determined. Schematics of experimental setup 
components used for light transmission measurements are shown in Figure 3.6. 
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Figure 3.6: Schematic of experimental setup used for measuring light 
transmission. 
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3.1.5 Particle size and number density measurements. Particle s1ze and 
number density measurements of obscurant particles were evaluated with two optical 
particle counters (OPCs). An aliquot of aerosol laden air was drawn from the test tunnel 
at fixed point with iso-kinetic sampling tube. The tube was connected to one end of a "T" 
fitting. The second end of the T fitting was connected to a particle free air supply that was 
introduced at a flow rate of ~ 17.2 LPM. This air acted as a sheath flow and drew the air 
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sample through a 1/8" stainless steel tube. This arraignment provided an aerosol sampling 
rate of approximately 0.025 LPM. The output from the Twas passed into a 5 em (i.d.) 
PVC pipe which served as a dilution tube. The aerosol stream emerging from the dilution 
tube was diluted further with 40 LPM of particle free air. Aliquots of diluted air were 
introduced into the two OPCs. The first OPC (Model Spectra 0.3, CLIMET Instruments 
Company, 1320 W. Colton Ave., Redlands, CA 92374) provided number density 
information over seven particle sizes: 0.3, 0.4, 0.5, 0.6, 0.7, 1.0, 1.3, 1.6, 2.0, 2.5, 3.0, 4.0, 
5.0, 6.0, 7.0, and 10.0 micron. This counter provides information about particles which 
may approach the size range at which infrared light can be scattered. The second OPC 
(Model Lasair 1003, Particle Measuring Systems Inc., 5475 Airport Blvd. Boulder, CO 
80301) provided size and number density information over a narrower size range 
extending from 0.1 to 2.0 microns. A schematic of the aerosol sampling and 
characterization system is shown in Figure 3.7. 
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Figure 3.7: Schematic of OPCs and Laser set-up used for transmittance measurements. 
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3.1.6 Characterization of MS aerosol condensate obtained at varied oil flow 
rates. In a military application the amount of obscuration produced may need to be 
varied depending on a particular scenario. Oil was introduced at five different flow rates 
and changes in operating parameters of the generation system were monitored. 
Parameters monitored were temperature along the test tunnel, attenuation of visible and 
near-IR radiation, particle counts, and the chemical composition of the oil condensate. 
Oil flow rate was set at; 375mL min-I, 840mL min-I, 1305 mL min-I, 1785 mL min-I, and 
2213 mL min-I. Condensate was collected with the procedure described earlier. The 
condensate in hexane was collected into 50ml round bottom flask for condensation under 
vacuum. Transmittance of lasers was monitored continuously during the runs. Both 
OPCs were used during testing of flow rate effects 
3.1.6.1 Assessment of chemical transformation of oil during aerosol 
generation. Chemical composition of the neat oils (FO and MS) and aerosol condensates 
was examined with capillary gas chromatograph interfaced to a flame ionization detector 
(GC-FID) and capillary gas chromatograph interfaced to mass spectrometer (GC-MS). 
Sample preparation involved complete removal of hexane from condensate. A Buchi 
Rotavapor R-200 was used; water bath temperature set at 30°C, the Rotavapor is 
connected to a Vaccubrand PC101 pump, vacuum is set to 300 Torr. The vapor is cooled 
by a Cetac Technologies chiller at 5°C. The MS/FO hexane mixture was held under 
vacuum for 30minutes. 
Aliquots of neat MS and FO batches (prior to their use in the generator) used for 
aerosol generation were weighed and dissolved in iso-octane to obtain a concentration of 
lmg mL-I. A solution of aerosol condensates was prepared at the same concentration. 
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The stock solutions were further diluted to 200ppm in isooctane optima; 20 micrograms 
of Heptadecanoic (C17) methyl ester was added to FO, MS and condensate solutions as 
an internal standard. The solutions were introduced into GC-FID and GC-MS systems. 
3.1.6.2 Gas Chromatography-Flame Ionization Detector. GC-FID system 
consisted of a bench top gas chromatograph, Model: Focus, Thermo Scientific. The gas 
chromatograph was operated with an autosampler, Model: TriPlus, Thermo Scientific. 
Parameters used for separation and quantification of FO, MS and aerosol condensates 
with GC-FID system were: 
Column: A 30m x 0.25mm (i.d.) fused silica capillary coated with cyanopropyl 
polysiloxane stationary phase, stationary phase thickness was 0.25micron. SGC 
separation of oil components was achieved through temperature programming. Column 
oven temperature was initially held at 50°C, initial hold time was lmin, the temperature 
was then ramped to 220°C at 1 ooc min-1, column oven temperature was held constant at 
220°C for 12min. Helium was used as the carrier gas, its flow rate was maintained at 1.2 
mL min-1• Sample volume introduced into the GC-FID was l!J.L. 
3.1.6.3 Gas Chromatography-Mass Spectrometer. The FO, MS and aerosol 
condensate solutions were analyzed with a GC-MS system. The GC-MS system consisted 
of a bench top gas chromatograph, Model Ultra, Thermo Scientific. The GC was 
interfaced to a quadrupole ion trap mass spectrometer, Model Polaris Q, Thermo 
Scientific. Parameters used for separation and quantification ofFO, MS and aerosol 
condensates with GC-FID system were: 
Gas Chromatography parameters used for separation of FO, and aerosol condensates 
were the same as the ones used with the GC-FID. 
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The ion trap mass spectrometer was operated with an electron ionization (EI) source, 
electron energy was set at 70 eV. Mass range of the mass spectrometer was set at 50 -
450 amu. Scan rate was set at 0.5 s. Sample volume introduced into the GC-MS was 1 J.tL. 
Responses of both the GC-FID and the GC-MS systems were calibrated by introducing 
fatty acid methyl esters (FAME) [C14:0, C14:1, C16:0, C16:1, C17:0, C18:0, C18:1, 
C18:2, and C18:3] at known concentrations prior to the use of the systems for FO, MS 
and condensate analysis. 
3.1.7. Determination of polycyclic aromatic hydrocarbons in oils and aerosol 
condensates. To monitor the presence of P AHs in FO, MS and condensates the well 
establish procedure for preferential extraction of these chemicals from aliphatic 
hydrocarbon matrix was used. The procedure involved the use of Dimethyl sulfoxide 
(DMSO). Details of the procedure are given below: 
1. A 1% solution of the neat FO and MS neat and condensate was made m 
hexane. 
n. Deuterium labeled naphthalene (CJODs) and chrysene (C 14D 12) were added to 
the FO, MS and condensate solutions in hexane as surrogates. The 
concentrations oflabeled surrogates were 2J.1g mL-1• 
iii. Five mL of DMSO was added to 2 mL of the fortified hexane solutions in a 
sepratory funnel. The contents of the sepratory funnel were shaken for 10 min 
and allowed to settle for 10min. The DMSO layer (bottom layer) was drawn 
off and collected in a second sepratory funnel. The hexane layer was 
extracted with another 5 mL volume of DMSO. The DMSO layer was again 
drawn off and pooled with the first DMSO layer. 
tv. Ten mL of "nanopure" water was added to the pooled DMSO in sepratory 
funnel. 
v. The DMSO- water mixture was extracted with 10mL of hexane- benzene 
mixture (10% benzene in hexane). The contents ofthe sepratory funnel were 
shaken for 10 minutes. Half a gram of sodium chloride was added to break 
emulsions. 
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VI. The DMSO - water layer (bottom layer) was removed and transferred to a 
third sepratory funnel. 
vn. The DMSO - water layer was extracted with a fresh batch hexane - benzene 
mixture. The DMSO - water layer was removed from the funnel and 
discarded. Half a gram of sodium chloride was added to break emulsions. 
vm. The hexane - benzene extracts were pooled and passed through a bed of 
anhydrous sodium sulfate (Na2S04) to remove traces of water from the 
solutions. 
ix. The anhydrous Na2S04 bed was rinsed with 2ml of hexane. Hexane was 
pooled with hexane- benzene extract. 
x. One mL of !so-Octane was then added to the extract and extract was 
concentrated under a gentle nitrogen stream. 
x1. Volume of the extract was brought down to 1 mL. 
xn. Two J..lg ofDeuterium labeled Anthracene (C1 4D 10) was added to the extract as 
internal standard. 
xm. Sample extracts were analyzed for PAHs with a calibrated GC-MS system. 
A flow diagram of the procedure is given in Figure 3.8. 
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Oil 2ml (1% in hexane) 
Fortify with Naphthalene-dB 
Chrysene-d12 
1.. Wash 2x with 5ml DMSO I Shake for 1Om in in sep. I Aliphatics (discard) funnel, allow to sit for 15min 
1.. I Combine DMSO layers, add 
10ml water I 
1.. Wash 2x with 1Om I 10% benzene in hexane DMSO, water, and 
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I. Combine hexane layers, filter with anhydrous sodium 
sulfate 
1.. Reduce to 1ml by nitrogen, fortify with Anthracene-d 10 (IS) 
L. I Analyze with GC-MS 
Figure 3.8: A flow diagram ofthe DMSO based extraction procedure for PAHs. 
Determination of PAHs concentration was carried out with the GC-MS system 
described earlier, except a 30m x 0.25 mm (i.d.) fused silica column with 95% methyl-
5% phenyl polysiloxane stationary phase was used for the separation of the P AHs and 
methylated PAHs. The response of the GC-MS for the PAHs and methylated PAHS was 
calibrated solutions of these compounds with known concentrations, (0.1, 0.2, 0.5, 1.0, 
5.0ppm). All calibration standards were fortified with 2Jlg mL- 1 of Naphthalene 08, 
Anthracene 010, and Chrysene D12. 
3.1.8 Generation of a bispectral obscurant aerosol with polystyrene dissolved 
in MS. Polystyrene was dissolved in MS at concentrations ranging from 0.5 - 4%. 
Solutions were stirred gently heated to re - dissolve any settled polystyrene in MS prior to 
introduction into the spray nozzle. The nominal flow rate of the solutions was 
2 .2 L min- 1• However, it was observed that flow rate of solution decreased with the 
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increased polystyrene content. Light transmittance at 1064 nm and particle number 
density and particle size distribution measurements were carried out in a manner similar 
to the one described earlier. 
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4. RESULTS AND DISCUSSION 
4.1 EVALUATION OF MINI-JET GENERATOR AT THE OBSCURANT TEST 
LABORATORY 
4.1.1 Operation of oil spray nozzle. Successful operation of the Mini-jet based 
generator was dependent on the efficiency with the oil introduced into the jet exhaust 
plume. Efficiency of spray system was found to be dependent on the viscosity of the oil, 
the oil flow rate, oil pressure, the size and angle of the port slits. An efficient uniform 
spray was obtained with a em stainless steel loop [6.25 mm (o.d.) 4 mm (i.d.)] 12 one mm 
slits were cut at 45 o in the tube and served as the oil port. This spray nozzle design 
provided a very uniform oil spray that was efficiently volatilized. High speed 
photography and visual observation of oil spray were used to evaluate nozzle design to 
maximize volatilization of oil with minimum dripping of non-volatilized oil. A 
photograph of the oil spray pattern obtained with the 12 port nozzle is shown in Figure 
4.1. 
Figure 4.1: Oil spray obtained with the 12 port oil spray nozzle. 
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4.1.2 Volatilization of obscurant oil in the mini-jet exhaust. Obscurant 
aerosols are formed through volatilization of oil and subsequent condensation of the oil 
vapors. The exhaust gas temperature of the mini-jet when it is operating at maximum 
speed (123,000 rpm) was found to be in the 600-650°C range. This temperature is 
significantly higher than the boiling ranges of both the FO and MS. However, because of 
rapid cooling of the expanding gas and short residence of oil spray in the exhaust led to 
incomplete volatilization. To enhance volatilization a 15 em x 12 em ( i.d.) stainless steel 
tube was incorporated in the system, the obscurant oil spray and the jet engine exhaust 
were directed into the tube. The tube served as a conduit for the exhaust gases and the oil 
vapors from the box. The tube facilitated complete volatilization of the oil, as there was 
no residual liquid accumulated at the end of the tube. The tube acted as a heat shield. 
Measuring temperatures at the exit of the stainless steel tube and then measuring the 
temperatures at the same location without the tube in place revealed that temperatures 
were on average 30°C higher with the tube in place. This suggests that complete 
vaporization is aided by the resonance time as it passes through the tube. The resonance 
time of the oils at these temperatures was calculated to be 300f.!s 
The oils were quickly vaporized at the exhaust of the engme, the oil vapors 
condensed rapidly as it entered the testing tube. The efficacy of the oil aerosol in 
blocking transmission of light can be observed in a photograph of the laboratory test 
tunnel filled with oil aerosols produced with the Mini-jet generator, Figure 4.2. The 
interior of the test tunnel appears black because sun light is completely blocked. 
Figure 4.2: A photograph of the test tunnel with obscurant aerosols. Note no light is 
observed through the open end of the test tunnel. 
33 
4.1.3 Aerosolization and fuel efficiency of mini-jet based generator. 
Maximizing volatilization of liquid obscurant is key in obtaining high density of aerosols. 
Maximum volatilization was obtained by introducing oil in a uniform spray through a 12 
port circular spray nozzle. The ports were designed to yield a uniform spray of oil into 
the exhaust plume of the jet engine. The aerosolize efficiency was estimated by through 
the expression in eq. 1. 
Ae = Mo - Me I Mo x 100 
Where 
Ae = Percent aerosol generation efficiency 
Mo = Mass of oil introduced into the generator in a unit time 
Me = Mass of oil collected within 2 m of the generator 
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Results showed that the mini-jet yields efficiency of better than 99% and 
essentially all of oil introduced into the jet exhaust is aerosolized. In this regard the mini-
jet generator operates with efficiency that comparable to that of the M56. 
Another important consideration is the fuel efficiency of the obscurant aerosol 
generator in terms of the amount of oil aerosolized verses the amount of fuel consumed. 
The specifications for US Army's current generator (M56) state that its maximum 
volume of oil aerosolized is 1.5 GPM (gallons per minute; 5.67 LPM), its fuel (JP-8 or 
Jet-A) consumption is stated as 1 GPM (3. 78 LPM), the yielding a fuel efficiency value 
of 1.5. The fuel consumption rate of the JetCat 80 is 0.27 LPM and it has been for 
aerosolization of more than 2.2 LPM of FO or MS, thus attains a fuel efficiency of ~8.3. 
Thus the mini-jet based generator is more than 5.5 times more fuel efficient than M56. 
4.2 PHYSICAL PROPERTIES AND CHEMICAL COMPOSITION OF FO AND 
MS. 
FO has been the primary material used by the U.S. Army for obscuration. There 
has been considerable interest in developing a substitute that yields the same obscuration 
as the FO but ts more environmentally friendly i.e. less toxic and more readily 
biodegradable. In addition it should suitable as fuel in military vehicles and the 
obscurant generator. One such oil is MS obtained through transesterification of soybean 
oil with methanol. MS possesses physical properties that are similar to those of the FO 
(Table 4.1) and has been used as obscurant oil with M56 and laboratory obscuration 
systems (4). 
As mentioned earlier, FO is a very complex mixture of hydrocarbons obtained 
through petroleum distillation. It is estimated that this oil contains in excess of a 
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thousand different chemical compounds. On the other hand MS is primarily a mixture of 
only five fatty acid methyl esters. 
Table 4.1 
Physical properties ofFog Oil and Methyl Soyate 
Property FO MS 
A vg. Molecular Weight 312 292.2 
Density at 20°C g mL- 1 0.88 0.88 
Pour Point -4 - 5 
Viscosity at 40 oc 4.00 4.00 
Boiling Range oc 274-432 317- 347 
Flash Point oc 164 183 
4.3 AEROSOL SIZE DISTRIBUTION AND NUMBER DENSITY OBTAINED 
WITH THE MINI-JET BASED GENERATOR. 
The size and the number density measurement of FO and MS aerosols generated 
with the Mini-jet based obscurant aerosol generator were determined with two optical 
particle counters (OPCs). The instruments provide particle density as number of particles 
per cubic foot (pI eft). However, both OPCs are designed to provide number density and 
size distribution on particles at low concentrations, therefore the obscurant laden air 
stream had to be diluted, without dilution the OPCs will be easily saturated leading to 
erroneous results. Therefore, samples from the test tunnel were serially diluted with 
particle free air and the number of particles detected by the OPCs was multiplied by the 
dilution factor. The dilution factor was calculated by summing the volume of aerosol 
laden air sampled and the volume of particle free dilution air and dividing the total 
volume by the initial aerosol laden air volume. 
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The sum of sampled air volume and dilution air volumes was (0.025 L initial 
sample volume + 17.2 L venturi particle free air + 40 L additional particle free dilution 
air)= 57.225 L 
Dilution factor was determined to be 2,289 (57. 225 I 0.025) 
The observed particle counts obtained from the OPCs were multiplied by a factor of 2289 
to obtain the particle densities in the test tunnel. 
The size distributions of MS and FO aerosol particles obtained with the Lasair 
counter are shown in figure 4.3. This particle counter is designed to provide size 
distribution between 0.1 - 2 J..Lm. The data showed that the size distribution of FO and MS 
aerosols over the 0.1 - 2 J..LID is essentially the same. The number density for both 
aerosols peaked around 0.5 J..LID. Number density of 0.5 J..Lm aerosols ranged between 
8x107 to 1.1xl08; where as the number density of 2 J..Lm aerosols was approximately four 
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Figure 4.3: Size distribution ofFO and MS aerosols generated with the Mini-jet based 
aerosol generator obtained with the Lasair OPC. 
The aerosol size distributions for FO and MS obtained with the Climet Spectra 3 
OPC are shown in Figure 4.4. This OPC counter is designed to monitor particles with 
diameters up to 10 ~m. The number densities of the FO and MS aerosols under the same 
oil input and environmental regimes were essentially the same. However, the number 
densities obtained with two OPCs varied by nearly three orders of magnitude. The 
difference can be attributed to the design of the two OPCs. The data indicates that 
aerosols obtained with the Mini-jet based generator should provide good obscurance in 
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Figure 4.4: Size distribution ofFO and MS aerosols generated with the Mini-jet based 
aerosol generator obtained with the Climet OPC. 
Effect of oil input rate into the generator on particle size distribution and number 
density of aerosol was investigated. Aerosol size and number density measurements 
were carried out with the two OPCs. Oil input rate was varied from 0.37 - 2.2 L min-1• In 
all cases the oil input was maintained only for 20 s. Results obtained with the Lasair OPC 
are shown graphically in Figure 4.5. 
Lasair CountsxDF vs Particle Size by Methyl Soyate Oil Flow Rate 
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Figure 4.5: Change in number density of aerosol particles with change in oil input into 
the generator observed with Lasair OPC. 
Results showed aerosol number density of smallest particles (1 OOnm) measured 
did not change with the increase in oil input rate, the same trend was observed even with 
300 nm particles. However, number density of larger particles (>300 nm) increased in 
portion to the increase in oil flow into the generator. The changes in particle size 
distribution and number density observed with the Climet Spectro .3 counter were similar 
to those observed with the Lasair OPC, Figure 4.6. This OPC provided number density 
information over a wide particle size range (0.3 - 10.0 flm). The highest number densities 
were at the smaller particle size range (0.1-0.3 flm) . The increase in number density of 
particles larger than 2 flm increased ten folds with an approximately 6 fold increase in oil 
input. The results indicates that obscuration in the visible and NIR regions would be 
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highest at input greater than 1.79 L min.- 1 Effective of oil input rate beyond the capacity 
of current oil delivery system ( 2.2 L min: 1) should be investigated. 
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Figure 4.6: Change in number density of aerosol particles with change in oil input into 
the generator observed with the Climet Spectro 3 OPC. 
4.4 EFFECT OF POLYSTYRENE DISSOLVED IN MS ON AEROSOL SIZE 
DISTRIBUTION AND NUMBER DENSITY OBTAINED WITH THE MINI-
JET BASED GENERATOR. 
It is well known that the presence of solid or less volatile liquid particles leads can 
induce condensation. In fact water vapor condensation around the cloud condensation 
nuclei or CCNs i.e. small particles with diameters ~ 0.0002 mm is believed to be the 
principle mechanism of rainfall formation. Presence of less volatile polymer in the 
obscurant oil vapor emitted from the obscurant aerosol generator should lead to enhanced 
condensation of oils and larger particles. Among suitable polymer was polystyrene (PS) 
with MW >25,000. This polymer was of interest because it can be can be dissolved in 
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MS. Results of aerosol generation experiments with PS containing MS obtained with the 
Lasair OPC are shown in Figure 4.7. Plots in the figure depict particle size distribution 
and number densities of aerosol particles obtained with PS containing MS. PS 
concentration was varied from 0 - 4% (w/w) basis. The MS delivery pump was operated 
with same applied voltage set to deliver MS at a flow of 2.2 L min-1• Aerosols were 
monitored with OPCs, 
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Figure 4.7: Plots depicting the change in MS aerosol particle distribution and number 
density with different concentrations of dissolve PS in MS 
The MS without PS plots showed that addition of polystyrene did not bring about 
a significant change in the number densities of particles with diameters smaller than ~ 700 
nm. However, number density of larger particles increased approximately eight folds 
with the addition of 4% PS into MS. The actual increase in fact is more because oil input 
into the generator for oils containing more than 0.5% PS was lower due to increased 
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viscosity of the oil. Similar trend in particle size distribution and number density was 
with Climet Spectro 3 OPC in the case of particles in the 2 - 10 1..1m range. The increase 
in relative number density of particles with diameters larger than 1 - 2 11m is of 
considerable interest because most military thermal imaging optics operate around 1.5J.lm 
in the NIR and effective means to attenuate intensity ofNIR would be useful (39). 
4.5 LIGHT TRANSMITTANCE FO AND MS AEROSOLS OBTAINED WITH 
THE MINI-JET GENERATOR. 
FO and MS aerosols when introduced into ambient air at high concentration have 
are effective in scattering visible light. Scattering efficiency of aerosols was monitored as 
attenuation of intensity of light emitted by diode lasers at 532 nm and 1064 nm was 
determined in terms of intensity of radiation observed after its passage through air in 
absence of obscurant aerosols and through air in presence of the aerosols. The values 
were expressed as percent transmission. 
T=[Ip/la]xlOO 
Where T = Percent transmission 
lp = bam intensity through aerosols 
Ia = bam intensity through air 
Values for extinction co-efficient of FO and MS were calculated usmg Beer's law 
expressiOn: 
A = log 10 I I = Dl c 
= 1o II = 1 0 '1 c 
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Concentration of FO I MS was estimated from mass of oil introduced into the generator 
(determined gravimetric) and mass of air comprising the Mini-jet thrust. The calculated 
values for FO and MS methyl identical and were found to be 4.3 m2 g-1• The values are 
slightly higher than the value (3.3 m2 g-1) reported by Perry et.al. (30). 
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Figure 4.8: Transmittance of532 and 1064 nm laser beam through MS and FO aerosols. 
Transmittance of 532 nm (green) and 1064 nm (NIR) laser beams through MS 
and FO aerosol filled obscurant test tunnel (75 em diameter) is shown in Figure 4.8. 
Aerosols obtained from both oils were very effective in attenuating the intensity of the 
532 nm beam was reduced to less than 8%. However, intensity of the 1064 nm beam was 
reduced to lesser extent (~15%). The phenomenon for attenuation of light beams is the 
Mie scattering, which deals with scattering by spheres whose diameter are of the same 
dimensions as the wavelength or larger i.e. the diameter to wavelength ratios of the order 
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of unity and larger. This phenomenon provides solution to problems related to scattering 
by haze and clouds. Since the mean diameter of FO and MS aerosols was determined to 
~500nm, it is not surprising that radiation with wavelength ~500nm is effectively 
scattered. Because FO or MS aerosols contain particles with diameter larger than 
1 OOOnm longer wavelength radiation i.e. 1064 nm was not effectively attenuated. 
4.5.1 Effect of obscurant oil input on attenuation of Vis and NIR radiation. 
The particle size distribution and number density results had shown that an increase in oil 
input results in an increase in the number density of aerosols lager than ~ 500 nm. This 
should result in an increase in intensities of transmitted radiation with increase in oil 
input. The transmittance of 532 and 1064 nm at different oil flow rates are shown as 

















Figure 4.9: Transmittance of 532 and 1064 nm beams through MS aerosols obtained with 
varied MS flows in the generator. 
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Results showed that intensity of 532 run beam dropped significantly with the 
increase in the MS input. Transmittance at 0.37 L min-' was ~60 %, it dropped to ~15% 
when MS input was increased to 0.84 L min-', at MS flow rates greater than 1.31 L min-' 
transmittance of the beam dropped to less than 5%. The results are in general agreement 
with the particle size and number density values. The number densities of particle size ::::J 
600 nm with the MS flow of 0.37 L min-1 were more than an order of magnitude lower 
than number densities when the flow rate was increased to 1.31 L min-'. Even though the 
number densities of lager particle (> 1 J..Lm) showed a large increase with the increase in 
MS flow rate, overall number density of such particle was still significantly lower than 
the number density of the smaller particles, leading to significantly lower attenuation of 
the 1064 run beam. 
4.5.2 Effect of PS concentration in MS on attenuation of Vis and NIR 
radiation. Results of light transmittance experiments through MS aerosol with and 
dissolved with PS are shown in Figure 4.1 0. 
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Figure 4.10: Transmittance of 532 and 1064 nm beams through MS aerosols with 
different concentration ofPS. 
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Results showed that addition of small amounts of PS in MS leads to decrease in 
transmittance of the both 532 nm and 1064 nm beams. Addition of 0.5% PS to MS 
brought transmittance of 532 nm beam to < 1%. A 45% decrease in transmittance of 1064 
nm beam was also observed, however, additional PS in MS did not bring about further 
decrease in transmittance of the 1064 nm beam. In fact transmittance showed an 
increase, this increase was related to lower flow rates resulting from higher viscosities of 
the PS-MS solution with higher PS concentrations. A pumping system capable of 
handling higher viscosity fluids should lead to better obscuration of the NIR radiation., 
but was not available during the course of this research. 
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4.6 CHEMICAL CHARACTERIZATION OF FO AND MS AEROSOLS. 
Chemical characterization of the neat (before aerosolization) FO and MS as well 
the aerosol condensates was carried out to decipher the degree of chemical transformation 
of oil during aerosol generation in the Mini-jet based aerosol generator. Aerosol 
generation was brought about through vaporization and subsequent condensation of oils. 
Volatilization was through indirect heating of the oil through heated exhaust gas emitted 
by the Mini-jet engine. The Mini-jet engine utilizes a 2llb-thrust turbo jet engine that 
operates 123,000 rpm when at full throttle. The engine exhaust temperature at full rpm 
was found to vary between 600-650°C. Exposure of hydrocarbon oil to such 
temperatures can lead chemical transformation through pyrolysis and oxidation reactions. 
The degree of transformations is dependent on the temperature and the exposure time. 
Pyrolysis (thermal degradation under anoxic conditions) can lead to cleavage of 
sigma bonds and formation of radical species which can recombine to yield alkenes and 
aromatic hydrocarbons. In the presence of oxygen formation of epoxides, peroxides, 
ketones, and short chain acids is possible. Thermal cracking of canola oil was studied by 
Idem et al., (32) at atmospheric pressure in a fixed bed reactor at 300-500°C. Products 
consisted of C4 and C5 hydrocarbons, aromatics, C6 aliphatic hydrocarbons, and C2-C4 
olefins as well as a diesel-like fuel and hydrogen. Higher temperature can lead to the 
formation of short chain hydrocarbons such as ethane, ethylene, hydrogen, alcohols, 
acetone and aromatics including benzene, toluene, xylenes, and ethylbenzene. 
Kittirantanapiboon et al. (36) characterized vapors of biogenic oil esters and mineral oil 
exposed to high temperatures (500 -550 °C) under toxic conditions and reported that 
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formation of oxygenated molecules including ketones, baldheads as well as few 
aromatics, alkanes, and alkenes. 
To assess the degree of transformation of oils the aerosol condensates were 
subjected to capillary gas chromatography- flame ionization detector (GC - FID) and 
capillary gas chromatography- mass spectrometry (GC- MS) analysis. The analysis of 
the MS condensate was conducted on a GC-FID and GC-MS system. Particular 
emphasis was placed on quantification of analysis of C18:1, C18:2, and C18:3 methyl 
esters, to assess the degree of transformation. The di and tri unsaturated fatty acids and 
their esters are susceptible to heat and/or photo induced oxidation leading to the 
formation of aldhydes- the process is often termed as auto-oxidation and is responsible 
for rancidity of oils and fats. Thus, degradation (decrease in relative concentration) of 
these components should serve as a good an indicator for the degree of transformation of 
the oils during the aerosolization process in the Mini-jet based obscurant aerosol 
generator. 
Chromatographic profiles of neat methyl soyate and MS aerosol condensates 
obtained with the GC - FID system are shown in Figures 4.11 and 4.12. The 
chromatograms show the presence of five principle components that correspond to 
methyl palmitate, methyl stearate, methyl oleate, methyl linoleate, the methyl linolenate 
and C 1 7 fatty acid methyl ester used as an internal standard. The relative concentrations 
of these fatty acid esters in soybean oil methyl esters was determined through calibration 
of the GC-FID with fatty acid methyl ester standards with purity >99%. The values 
obtained for the ''neat" MS and the MS aerosol condensate are given in Table 4.2. The 
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values for the "neat" MS and MS aerosol condensate were identical and m good 
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Relative Percent Concentration of Fatty Acid Methyl Esters in "neat" MS and MS aerosol 
Condensate 
Fatty Acid Methyl Ester Relative Percent Concentration 
"Neat" MS MS Aerosol Condensate 
Methyl Palmitate 10 9.8 
Methyl Stearate 3.5 3.5 
Methyl Oleate 27.5 27.6 
Methyl Linoleate 51.5 51.6 
Methyl Linolenate 7.5 7.5 
Results show that despite being subjected to high temperatures MS undergoes no 
measurable transformation during the aerosolization process. This can be attributed to the 
very short residence time in the high temperature region. It was estimated that the total 
time for the oil spray in the heat shield tube was less than 300J1S. Clearly this residence 
was too short to bring about transformation of even the most susceptible fatty acid methyl 
ester (Methyl Linolenate) that contains three double bonds and is known to under go 
rapid oxidative degradation under thermal and radiative stress . It should be pointed out 
that the exhaust gas plume from the Mini-jet under goes rapid cooling, its temperature at 
0.5 m from the exhaust nozzle drops down to ~75°C. The change in MS flow rate had 
quantifiable effect on the relative percent fatty acid methyl concentration of the MS 
aerosol condensate. Results from these experiments are given in Table 4.3. 
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Table 4.3 
Relative Percent Concentration of Fatty Acid Methyl Esters in MS aerosol Condensates 
obtained at Different MS Flow Rates 
Fatty Acid Relative Percent Concentration 
Methyl Ester 0.37 L min-t 0.84 L min-t 1.30 L min-t 1.78 L min-t 2.20 L min-t 
Methyl 9.8 9.8 9.8 9.8 9.8 
Palmitate 
Methyl 3.5 3.5 3.5 3.5 3.5 
Stearate 
Methyl 27.5 27.4 27.6 27.3 27.6 
Oleate 
Methyl 51.5 51.8 51.6 51.7 51.6 
Linoleate 
Methyl 7.5 7.5 7.5 7.5 7.5 
Linolenate 
Similar results were obtained with FO, though due to complexity of this material 
individual chemical present in the complex mixture could not be quantified in the "neat" 
FO or the FO aerosol condensates. Gas chromatographic profiles of FO and FO aerosol 
condensate obtained with the GC-FID are shown in Figures 4.13 and 4.14. The latter 
chromatogram is that of a representative FO condensate obtained by introducing 
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Figure 4.13: Chromatographic separation of "neat" FO obtained with the capillary GC-
FID system. 
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Figure 4.14: Chromatographic separation ofFO condensate obtained with the capillary 
GC-FID system. 
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To confirm that no measurable chemical transformation had occurred during the 
aerosol generation process and the peaks appearing in the GC-FID chromatogram are in 
deed the fatty acid methyl and not co-eluting transformation products the MS aerosol 
condensate were analyzed with a capillary gas chromatograph interfaced to a mass 
spectrometer. Outputs of GC-MS in form of total ion chromatograms (TICs) for a fatty 
acid methyl ester (FAME) standard, the "neat" MS and MS aerosol condensates are 
shown in Figure 4.15- 4.17. TIC for FAMEs contained eight peaks of the FAMEs and 
one of the IS (Cl7), the mass spectra for FAME matched the expected mass spectra for 
the individual methyl ester. The mass spectra of the major peaks in the "neat" MS 
matched the retention times and mass spectra for the five fatty acid methyl esters of the 
soybean oil fatty acids and the internal standard. Similarly, the retentions times and mass 
spectra of peaks in present in the TIC of the MS aerosol condensate matched those of the 
soybean fatty acid methyl esters confirming that MS does not under go measurable 
transformation during the aerosol generation process. The mass spectra of the most 
susceptible fatty acid methyl ester (methyl linolenate- C18:3) obtained from the "neat" 
MS analysis and the peak with the same retention time in the MS condensate are shown 
in Figures 4.18 and 4.19. 
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Figure 4.15: Total ion chromatogram of fatty acid methyl esters and C 17 methyl ester 
(IS). Concentration of individual ester was 25 ppm, while that ofiS was 20 ppm. 
The retentions times and mass spectra of peaks in present in the TIC of the MS 
aerosol condensate matched those of the soybean fatty acid methyl esters confirming that 
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Figure 4.16: Total ion chromatogram of "neat" MS and C 17 methyl ester (IS). 
Concentration of IS was 20 ppm. 
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The mass spectra of the most susceptible fatty acid methyl ester (methyl 
linolenate - Cl8:3) obtained from the "neat" MS analysis and the peak with the same 
retention time in the MS condensate are shown in Figures 4.18 and 4.19. 




















11 12 13 14 15 16 17 
Time (min) 
Figure 4.17: Total ion chromatogram of MS aerosol condensate (MS input 2.2 L min- 1) 
and C17 methyl ester (IS). Concentration ofiS was 20 ppm. 
The mass spectra of the most susceptible fatty acid methyl ester (methyl 
linolenate - C18:3) obtained from the "neat" MS analysis and the peak with the same 
retention time in the MS condensate are shown in Figures 4.18 and 4.19. The GC-MS 
analysis provided confirmed that MS does not undergo measurable chemical 
transformation during aerosol generation process. 
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Figure 4.18: Mass spectrum ofmethyllinolenate observed in the "neat" MS 
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Figure 4.19: Mass spectrum of methyl linolenate observed in the aerosol condensate of 
MS aerosols. 
4. 7 POLY AROMATIC HYDROCARBON CONTENT OF NEAT OILS AND 
CONDENSATE. 
Presence of polynuclear aromatic hydrocarbons (PAHs) in the obscurant screen 
has been a matter of concern specifically during the training exercises. In fact due to this 
concern the current military specifications for FO call for it to be free of P AHs. 
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Experiments were under taken to monitor that if these compounds are produced during 
the aerosol generation process with the Mini-jet generator. As part of these experiments 
"neat" FO and MS as well as the aerosol condensate were analyzed specifically for the 
presence of P AHs. P AH determination involved extraction of complex FO matrix and 
MS with dimethyl sulfoxide (DMSO), DMSO because of partial positive charge on the 
sulfur atom is believed to form a complex with aromatic molecules due to the presence of 
delocalized electrons of such molecules. The complex can be broken with addition of 
water permitting back extraction of P AHs in hexane containing 10% benzene. This 
selective extraction procedure permits separation of P AHs from bulk of the hydrocarbon 
matrix thus simplifying the P AH analysis. This procedure was used during analysis of 
"neat" MS and FO as well the MS and FO aerosol condensates. 
The determinations yielded some interesting results. The "neat" FO as expected 
contained PAHs despite the military specification for it to be P AH free. But result 
unexpectedly also showed that commercial MS sold as B-1 00 also contained P AHs at 
low concentrations. This was particularly true for the methylated P AHs that were found 
at low but readily quantifiable levels. At first the presence of these molecules was 
attributed to contamination from either the P AH standards or FO. However, despite 
careful manipulation with clean laboratory glassware methylated P AHs continued to be 
present in commercial MS (B-1 00). The results also showed that the P AHs present in MS 
did not match with those present in the FO. Inquires were made with the local supplier of 
B-1 00, who informed me that the MS was transported in the same tankers that carry 
diesel fuel. The contamination was initially contributed to mishandling of the MS during 
the supply chain. Contact was made with the Missouri Soybean Association & Soybean 
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Merchandising Council, who revealed that commercial MS (B-1 00) on the market is in 
fact not BlOO, but rather B99 with 1% ofDF-2. The DF-2 is added due to a federal tax 
break afforded to companies that add the 1% DF-2. Then BlOO was ordered through the 
Missouri Soybean Association & Missouri Soybean Merchandising Council and 
reanalyzed for P AH contents. 
Extraction efficiency of P AHs from FO and MS with the DMSO procedure was 
found to be consistently above 85%, this recovery was ascertained in each extraction with 
the use of deuterium labeled Naphthalene (Naphthalene D-8) and Chrysene (Chrysene D-
12) as the surrogates. Another labeled PAH Anthracene (Anthracene -Dl) was used as 
the internal standard. Analysis of the extracts was carried out with a GC-MS calibrated 
for targeted P AHs. The GC-MS response for all targeted PAHs was found to be linear 
over the stand range ofO.l ng/ul- 5 ng/ul (100 ppb- 5 ppm), with correlation co-efficient 
(R2) values ranging between 0.991-0.999. GC-MS output for PAHs shown in Figure 4.20 
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Figure 4.20: TIC oftargeted PARs obtained with the GC-MS system, analyte 
concentration of 5 ng/ul (5ppm). 







































1) Naphthalene 08 
E 2) 1-Methylnaphthalene 
d 
3) 2-Methylnaphthalene 
4) 1 ,5-0imethylnaphthalene 






10) Chrysene 012 
Figure 4.21: TIC of selected methylated P AHs obtained with the GC-MS system, analyte 
concentration of 5 ng/ul (5 ppm). 
The TIC outputs and mass spectra of P AHs found in the FO and MS oils are 
attached in Appendix - A. Concentrations of P AHs and methylated P AHs detected in 
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"neat" FO and FO aerosol condensates are given in Table - 4.4. P AHs concentrations 
were in parts per million (ppm) range, results also showed little change in P AHs 
concentration occurred during the aerosol generation process. 
Table 4.4 
Concentrations ofPAHs and Methylated PAHs in 'neat" FO and FO Aerosol Condensate 
Analyte Concentration in the neat Concentration in the FO 
FO aerosol condensate 
mg L-1 (parts per million) mg L-1 (parts per million) 
Naphthalene <0.1 <0.1 
Acenaphthene 7 6 
Fluorene 8 6 
Phenanthrene 4 3 
Methyl naphthalene 10 9 
Dimethyl naphthalene 42 40 
Total 71 64 
Results of P AHs and methylated P AHs determination in the "neat" MS (B-1 00) 
and MS aerosol condensate are given in Table 4.5. showed little change in PAHs 
concentration occurred during the aerosol generation process. 
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Table 4.5 
Concentrations ofPAHs and Methylated PAHs in 'neat" MS (B-100) and MS Aerosol 
Condensate 
Analyte Concentration in "Neat" Concentration in MS 
MS Aerosol Condensate, mg L-1 
[B-100] mg L-1 (ppm) 
(ppm) 
Naphthalene <0.1 <0.1 
Acenaphthene <0.1 <0.1 
Fluorene <0.1 <0.1 
Phenanthrene <0.1 <0.1 
Methyl naphthalene <0.1 <0.1 
Dimethyl naphthalene <0.5 1.0 
Total <0.5 1.0 
The "neat" MS (B-100) was essentially free of PAHs and methylated PAHs and 
no such compounds were formed during the aerosol generation process. By contrast the 
commercial MS (B-99) contained methylnaphthalene and dimethylnaphthalene at several 
ppm, presence of these compounds is related to 1% DF -2 added to this commercial grade 
MS (B-99). Concentrations of P AHs and methylated P AHs found in B-99 are given in 
Table 4.6. 
Table 4.6 
Concentrations of P AHs and Methylated P AHs in 'neat" MS (B-99). 
Analyte Concentration in the neat MS 





Methyl naphthalene 21 
Dimethyl naphthalene 35 




Operation of Mini-jet based obscurant aerosol generator was systematically 
evaluated under standardized laboratory conditions with different obscurants oils. The 
Mini-jet generator operated flawlessly and yielded obscurant plumes capable of providing 
highly efficient obscuration in the visible region of the electromagnetic spectrum with 
either the FO or the MS. The compact portable modular design of the unit will be useful 
in its incorporation into individual military vehicle thus opening the feasibility of 
"smoke" on demand. 
Comparison ofMS and FO clearly demonstrates that MS is superior oil for 
obscurant aerosol generation. Aerosols obtained with the oil provide obscuration 
comparable to that obtained with the FO aerosols in the visible light and near-IR region. 
It has significantly lower viscosity at lower temperatures and is therefore easier to pump 
and introduce into the generator. MS as B-1 00 is free of P AHs and methylated P AHs. 
MS is unlike FO is a natural renewable oil. Another factor to consider is the military's 
pursuit of a single fuel for all ground vehicles. MS has the ability to replace JP8 as the 
fuel for ground vehicles in the military. This option would reduce the burden ofhaving 
available multiple fuels. 
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APPENDIX 
POLYAROMATIC HYDROCARBON DATA FOR FOG OIL AND METHYL 
SOY ATE FROM GC-MS 
Contained in section one and to of this appendix are spectra from both TCL P AHs 
mix and methylated P AH standards used to identify unknown P AHs in FO and MS 
in sections three through seven. 
1) Spectra of pertinent TCL Polynuclear Aromatic Hydrocarbons MIX 
M/Z=136 Naphthalene d8 
041808PAH_std_5ppm #966 RT: 11.92 AV: 1 NL: 8.59E5 
T: + c Full ms ( 50.0Q-400.00] 
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2) Methylated P AH Standards 
M/Z= 142 1-Methylnaphthalene 
041808METH_PAHstd5ppm #1250 RT: 13.99 
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3) Fog Oil Neat PAH Chromatograms and associated spectra. 
M/Z=142 1-Methylnaphthalene and 2-Methylnaphthalene 
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4) Fog Oil Vapor P AH Chromatograms and associated spectra. 
M/Z=l42 1-Methylnaphthalene and 2-Methylnaphthalene 
RT: 13.90- 14.36 
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5) B99 Methyl Soyate, Neat oil only. 
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